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Abstract
We propose that the fermionic superpartner of a weak-scale Goldstone boson can be a nat-
ural WIMP candidate. The p-wave annihilation of this ‘Goldstone fermion’ into pairs of Gold-
stone bosons automatically generates the correct relic abundance, whereas the XENON100
direct detection bounds are evaded due to suppressed couplings to the Standard Model.
Further, it is able to avoid indirect detection constraints because the relevant s-wave annihi-
lations are small. The interactions of the Goldstone supermultiplet can induce non-standard
Higgs decays and novel collider phenomenology.
1 Introduction
Cosmological observations now provide overwhelming evidence that about 20% of the energy
density of the universe is some unknown form of cold dark matter [1]. The most popular candidates
are weakly interacting massive particles (WIMPs) which can produce the correct relic abundance
after freeze out,
ΩDMh
2 ≈ 0.1 pb〈σv〉 . (1.1)
A natural candidate for WIMP dark matter arises in extensions of the Standard Model with low-
scale supersymmetry (SUSY) and R-parity. In such models the lightest supersymmetric particle
(LSP) is automatically stable and generically has mass on the order of the weak scale [2].
The ‘WIMP miracle’ is the statement that a particle with a mass and annihilation cross section
typical of the weak scale will automatically yield a relic abundance that is within a few orders of
magnitude of the observed value. This paradigm has been challenged by recent direct detection
searches for WIMPs. In particular, XENON100 recently set the most stringent upper limit on
the spin-independent elastic WIMP–nucleon scattering cross section, σSI = 7.0 × 10−45 cm2 =
7.0 × 10−9 pb, for a 50 GeV WIMP at 90% confidence [3]. This large discrepancy between the
necessary annihilation cross section and the direct detection bound is increasingly difficult to
explain in the usual WIMP dark matter scenarios.
For example, within the minimal supersymmetric Standard Model (MSSM), one must typi-
cally tune parameters in order to explain this difference [4]. A standard approach is to consider
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parameters in which σSI is suppressed below direct detection constraints. At generic points in
the parameter space this will also imply a suppressed annihilation cross section and thus a relic
abundance that is too large. In order to overcome this problem one needs to assume special rela-
tions among a priori unrelated parameters in order to boost the annihilation rate. For example, a
pure bino LSP would require coannihilation (due to an accidental slepton degeneracy) or resonant
annihilation to obtain the correct annihilation cross section [5]. Alternately, the observation that
Higgsinos and winos have annihilation cross sections that are typically too large allows one to
tune the LSP to be a specific combination of bino, Higgsino, and wino to generate the correct
abundance [6]. This ‘well-tempered neutralino’ scenario, however, is now strongly disfavored by
XENON100 [4].
In light of this tension, it is natural to consider non-minimal SUSY models in which
• the WIMP is a weak scale LSP,
• the direct detection cross section is suppressed while maintaining the correct relic abundance
without any fine tuning, and
• the experimental prospects in near future include novel collider signatures.
We therefore extend the MSSM by a new sector with an approximate global symmetry which is
spontaneously broken in the supersymmetric limit. A natural WIMP candidate that satisfies the
above criteria is the fermionic partner of the Goldstone boson which we refer to as the Goldstone
fermion, χ. This particle can naturally sit at the bottom of the spectrum because it lives in the
same chiral supermultiplet as the Goldstone boson a and is thus protected by Goldstone’s theorem
and SUSY. Even when SUSY is broken, the Goldstone fermion can remain light with mass at or
below MSUSY [7, 8, 9]. This scenario is a weak scale version of axino dark matter [10]; for an
early attempt containing similar elements see [11]. Similar realizations also appear in dark matter
models where the LSP has a large “singlino” component [12]; such models can reproduce the mass
spectrum of Goldstone fermion dark matter but do not have a limit where the global symmetry is
broken while SUSY is exact. In particular the singlino dark matter effective interactions do not
come from an effective low-energy Ka¨hler potential as discussed in Section 2.1. Further, due to
singlino–Higgsino mixing, such models typically require tuning to avoid direct detection bounds.
The SUSY non-linear sigma model is a generic low-energy theory of the Goldstone supermul-
tiplet based only on the symmetry breaking pattern [13]. It can be organized as an expansion in
inverse powers of the symmetry breaking scale, f . In particular the leading order contribution
to dark matter annihilation is controlled by a trilinear derivative coupling χ¯γµγ5χ∂µa/f . If the
global symmetry is anomalous with respect the SM gauge group, the Goldstone bosons will, in
turn, decay to stable SM particles, a→ gg , γγ. All the interactions can be perturbative and com-
patible with gauge coupling unification if the mediators of the anomaly come in complete GUT
multiplets. If the Goldstone fermion mass mχ is around the weak scale and the symmetry breaking
scale f is around the TeV scale, then the resulting annihilation cross section is automatically in
the thermal WIMP range
〈σv〉 ≈ (m2χ/f 4)(Tf/mχ) ≈ 1 pb. (1.2)
The freeze-out temperature Tf/mχ ' 1/20 is insensitive to details of the model and appears
because χχ→ aa is a p-wave process.
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After electroweak symmetry breaking at vEW = 175 GeV, the CP-even scalar component of
the Goldstone chiral multiplet mixes with the Higgs boson and generates an effective hχχ coupling
which is suppressed by mχvEW/f
2 ∼ 0.01. While standard Higgsino-like dark matter in the MSSM
gives a large direct detection cross section, Goldstone fermion scattering off nuclei lies just below
the XENON100 bound,
σSI ≈
(
mχvEW
f 2
)2
σMSSMSI ≈ 10−45 cm2 . (1.3)
Note that this suppression factor in σSI is roughly of the same order as the suppression needed in
the annihilation cross section for a standard weak-scale WIMP, 〈σv〉WIMP ∼ piα2weak/(100 GeV)2
∼ 150 pb, to obtain the correct abundance (1.1).
Finally, Goldstone fermion dark matter has novel consequences on Higgs phenomenology at
the LHC. The global symmetry requires a derivative coupling between the Goldstone boson and
the Higgs boson ∼ vEW/f 2(∂a)2h. If kinematically allowed, the Higgs boson decays into four light
unflavored jets, h→ 2a→ 4j, with a sizeable branching ratio. This decay mode is ‘buried’ under
the QCD background. Such non-standard Higgs decays have recently been investigated in SUSY
models motivated by the little hierarchy problem [14, 15]. For Goldstone fermion dark matter,
the Higgs might only be ‘partially buried’ with a branching ratio of 30% to the Standard Model.
Alternately, one can hope to discover the Goldstone boson itself by looking for the a→ 2g decay.
Together with the direct detection of its fermionic superpartner, such a discovery would be strong
evidence that the dark matter particle emerges because of the Goldstone mechanism and SUSY.
The paper is organized as follows. We introduce the effective low-energy theory of a Goldstone
supermultiplet in Section 2 and extend this by including SUSY and explicit global symmetry
breaking in Sections 3 and 4. Readers who are primarily interested in dark matter phenomenol-
ogy can proceed directly to Sections 5 and 6, where we review (in)direct detection prospects and
calculate the relic abundance. We discuss the LHC phenomenology in Section 7. In Appendix A
we present simple models that realize this scenario. Details of the annihilation cross section cal-
culation are given in Appendix B. Remarks on a possible Sommerfeld enhancement are presented
in Appendix C.
2 The Goldstone Supermultiplet
We consider a supersymmetric gauge theory with a global U(1) symmetry that is broken by fields
Ψi which obtain vacuum expectation values (vevs) fi. In the limit of unbroken supersymmetry,
the theory has a massless Goldstone chiral superfield,
A =
1√
2
(s+ ia) +
√
2θχ+ θ2F . (2.1)
which is the low-energy degree of freedom of the high-energy fields,
Ψi = fie
qiA/f , (2.2)
where the effective symmetry breaking scale is
f 2 =
∑
i
q2i f
2
i , (2.3)
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and qi is the U(1) charge of ψi. We refer to the component fields as the Goldstone boson a,
the sGoldstone s, and the Goldstone fermion χ. In models where the U(1) is a Peccei-Quinn
symmetry, these are typically called the axion, saxion, and axino, respectively. The mass of the
CP-odd scalar a is directly protected by the Goldstone theorem while the s and a˜ masses are, in
turn, protected by supersymmetry.
The Goldstone boson shift symmetry acts on the chiral superfield as A→ A + icf . It is thus
often convenient to consider a non-linear realization of the Goldstone chiral superfield, G = eA/f ,
which naturally transforms under the U(1) shift symmetry, G → eicG. In the absence of explicit
global symmetry breaking, this shift symmetry forbids any superpotential term involving A.
2.1 Effective Ka¨hler potential
The shift symmetry restricts the dependence of the Ka¨hler potential on the Goldstone superfield
to take the form
K = K(A+ A†,ΦL). (2.4)
We have written ΦL to denote light fields which are uncharged under the global symmetry. Note
this general form includes the canonical term AA† which is (A+A†)2 up to a Ka¨hler transformation.
We may examine the Goldstone self-interactions by expanding the canonically normalized
Ka¨hler metric in inverse powers of the scale f :
K(2) =
∂2K
∂A∂A†
=1 + b1
q
f
(A+ A†) + b2
q2
2!f 2
(A+ A†)2 + . . . , (2.5)
where q is an reference U(1) charge of the theory. The choice of q is arbitrary and irrelevant since
the combination f/q is invariant under charge rescaling. For simplicity we set q = 1 henceforth.
After integrating out the auxiliary fields, the general form of the Lagrangian is
L = K(2)(s)
(
1
2
∂µs∂µs+
1
2
∂µa∂µa+
i
2
χ†σ¯µ∂µχ− i
2
∂µχ
†σ¯µχ
)
− 1√
2
K(3)(s)
(
χ†σ¯µχ∂µa
)
+
1
4
(
K(4)(s)−
K2(3)(s)
K(2)(s)
)
(χχ)(χ†χ†) , (2.6)
where K(n) = ∂
nK/∂An. Passing to four-component Dirac spinors and expanding the Lagrangian
in inverse powers of 1/f yields,
L =
(
1 + b1
√
2
f
s+ b2
1
f 2
s2 + · · ·
)(
1
2
∂µs∂µs+
1
2
∂µa∂µa+
i
2
χ¯γµ∂µχ
)
(2.7)
+
1
2
√
2
(
b1
1
f
+ b2
√
2
f 2
s+ · · ·
)(
χ¯γµγ5χ
)
∂µa+
1
16f 2
(
b2 − b21 + · · ·
) [
(χ¯χ)2 − (χ¯γ5χ)2] .
The coefficients b1,2,··· completely characterize the self-interactions of the Goldstone multiplet in
the symmetric limit. The b1 coefficient is particularly important for the dark matter abundance
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since it controls the size of the χχa vertex. The tree-level contribution to b1 can be determined
by comparing (2.5) to the canonical Ka¨hler potential of the high-energy fields ψi,
K =
∑
i
Ψ†iΨi =
∑
i
f 2i e
qi(A+A
†)/f . (2.8)
Note that in the absence of explicit U(1)-breaking terms, A does not get a vev and K is canonically
normalized with respect to the Goldstone superfield. All Goldstone self-interactions are calculable
from the physical Ka¨hler metric,
K A
†
A =
1
f 2
∑
i
f 2i q
2
i e
qi(A+A
†)/f = 1 +
(A+ A†)
f 3
(∑
i
q3i f
2
i
)
+ . . . . (2.9)
In particular, the tree-level contribution to the b1 coefficient is given by
b1 =
1
f 2
∑
i
q3i f
2
i . (2.10)
Note that b1 is invariant under overall charge scaling. In simple models with just two fields Ψ± of
opposite charge, b1 is bounded, −1 ≤ b1 ≤ 1. In general, however, there is no such restriction on
b1 in theories with more fields or with dynamical U(1) breaking.
2.2 Interactions and mixing with light fields
Even though the MSSM fields are uncharged under the global symmetry, they may couple to
the spontaneously broken sector through higher-order terms in the Ka¨hler potential. We will
particularly be interested in the coupling of the Goldstone multiplet with the Higgs doublets Hu,d.
Explicit symmetry breaking terms can generate superpotential couplings between the MSSM and
the Goldstone sector; these are discussed in Section 4.
The Ka¨hler potential interactions between the Higgses and the Goldstone superfield can be
parameterized by expanding in 1/f ,
K =
1
f
(A+ A†)(c1HuHd + . . .+ h.c.) +
1
2f 2
(A+ A†)2(c2HuHd + . . .+ h.c.) +O(1/f 3) . (2.11)
Note that the first term vanishes if there is a Z2 discrete symmetry A → −A. The presence of
such symmetry depends on the choice of UV completion. A mixing between the Higgs and the
sGoldstone arises, for example, from the Ka¨hler metric term
K A
†
Hu = ∂
2K/(∂Hu∂A
†) =
1
f
c1Hd + . . .→ vEW
f
c1 cos β + . . . . (2.12)
The c2 terms can also give rise to mixing if the sGoldstone also gets a VEV of order 〈s〉 ∼ f .
After rotating the Higgs and sGoldtone fields, the coupling between h and the Goldstone multiplet
appears in the effective Lagrangian as
Leff =
[
1
2
(∂a∂a) +
i
2
χ¯γµ∂µχ
](
1 + b1
√
2
f
s+ ch
vEW
f 2
h+ . . .
)
+ . . . , (2.13)
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where ch is a function of the coefficients c1,2, d1,2 and the Higgs sector mixing angles. This coupling
is suppressed in the large ms limit, ch → (mh/ms)2. At this order in q2vEW/f 2 there are additional
Higgs doublet couplings of the form
− i
4f 2
c2χ¯γ
µγ5χ (Hu∂µHd + ∂µHuHd − h.c.) (2.14)
which give rise to additional interactions of the heavy Higgses with the Goldstone fermion, but
do not involve the light higgs h. We neglect these couplings and the mixing of the heavy Higgses
with the sGoldstone.
Besides the scalar mixing, there is kinetic mixing between the Higgsino and Goldstone fermion
of the form
LKM = i
2f
[(
χ†σ¯µ∂µH˜u − ∂µχ†σ¯µH˜u
)
(c1Hd + . . .) + h.c. + (Hu ↔ Hd)
]
→ iuχ†σ¯µ∂µH˜0u + idχ†σ¯µ∂µH˜0d + h.c. (2.15)
where u,d ∼ vEW/f . In the case where µ  mχ, the Goldstone Fermion has a small Higgsino
component roughly given by u,dmχ/µ ∼ vEWmχ/fµ.
The Ka¨hler terms involving the other MSSM matter fields are typically more suppressed.
Assuming minimal flavor violation to control flavor-changing neutral currents, these terms take
the form
K =
1
f
(A+ A†)
(
Yu
Mu
Q¯Huu+
Yd
Md
Q¯Hdd+
Yl
ML
L¯Hde+ h.c.
)
. (2.16)
The suppression scales Mu,d,l are not necessarily related to the global symmetry breaking scale f ,
and can be much larger depending on the UV completion of the theory.
3 SUSY breaking
We assume that soft SUSY breaking terms which simultaneously break the U(1) global symmetry
are negligible. The remaining soft terms generate an explicit sGoldstone mass, but leave the
Goldstone boson massless. The Goldstone fermion may only get a mass from the superpotential
or from D-terms via mixing with gauginos. For simplicity we ignore the latter possibility so that
the fermion mass matrix is the second derivative matrix of the superpotential,
(mfermion)ij = Wij. (3.1)
While the superpotential terms are U(1) invariant and supersymmetric, a Goldstone fermion mass
can still be induced if the vacuum is shifted from its supersymmetric value due to the presence of
soft breaking terms. The U(1) invariance of the superpotential implies∑
j
1
f
Wijqjfj = − 1
f
qiWi = − 1
f
qiFi , (3.2)
so that the Goldstone fermion χ =
∑
i qifiψi/f is indeed a zero mode of the fermion mass matrix
when none of the U(1)-charged F -terms obtain a vev [7]. The mass of the Goldstone fermion
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then depends on whether the U(1)-charged fields pick up F -terms in the presence of soft breaking
terms [7, 8]:
mχ ≈ qi〈Fi〉/f. (3.3)
If the superpotential has an unbroken R-symmetry which is left unbroken by the soft terms,
then χ necessarily carries R-charge −1 and a Majorana mass is prohibited1. In particular, soft
scalar masses always preserve R-symmetry and hence cannot generate a Goldstone fermion mass
in the R-symmetric case. On the other hand, A-terms are holomorphic and generically break
R-symmetries. Thus A-terms are expected to always contribute to the Goldstone fermion mass,
while soft scalar masses may or may not contribute.
The effect of A-terms is equivalent to the mixing between the F -terms between U(1)-charged
fields and the SUSY breaking spurion 〈X〉 = Fθ2 + · · · . For concreteness, we consider gravity
mediation with F/MPl ∼ msoft. It was recently emphasized in [16] that FF †i type mixing terms
are always expected and will contribute a mass of order m3/2 to the Goldstone fermion. Indeed,
such mixing terms arise from higher dimensional Ka¨hler terms of the form
K =
∑
i
Z(X,X†)Φ†iΦi. (3.4)
Using the technique of analytic continuation into superspace [17], one may absorb Z into a redef-
inition of the chiral superfields
Φ→ Φ′ ≡ Z1/2
(
1 +
∂ lnZ
∂X
Fθ2
)
Φ. (3.5)
This canonically normalizes K and generates soft terms that include the A-terms
∆Lsoft = ∂W
∂Φ
∣∣∣∣
Φ=φ
Z−1/2
(
− ∂ lnZ
∂ lnX
F
M
)
. (3.6)
These terms completely incorporate the mixing between F -terms of the form FF †i Φi. The Gold-
stone fermion mass is determined by the induced Fis obtained by minimizing the scalar potential,
V =
∣∣∣∣∂W∂φi
∣∣∣∣2 + Ai∂W∂φi φi + h.c.+m2i |φi|2. (3.7)
To summarize this section, we find that A-terms will always contribute to the Goldstone
fermion mass. Assuming that Ai,mi < fi for all i, the generic size of the induced F -terms is
|Fi| ≈ Aifi and, consequently, the induced Goldstone fermion mass is ∼ Aiqi. In many situations
the A-terms can be suppressed relative to other soft breaking terms and it is thus reasonable
to expect that the Goldstone fermion remains lighter than the other superpartners. Soft scalar
masses may also contribute. If they do, their contribution to the Fi is expected to be of order
Fi ∼ m2i so that the contribution to the Goldstone fermion mass is of order ∼ m2i /fi, which again
can easily be suppressed.
1We thank Y. Nomura for pointing out the role of R-symmetry.
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4 Superpotential terms from explicit breaking
The shift symmetry forbids any superpotential for the Goldstone chiral multiplet A. In order to
generate a small Goldstone boson mass one must include terms which break the global symmetry.
These can come from an anomaly in the global symmetry or through explicit breaking terms.
4.1 Anomaly
If the global symmetry is anomalous then the triangle diagram generates a aGG˜ term which fits
into a superpotential term
Wanomaly = −can
f
AW aW a (4.1)
where W a = λa− iσµνθGaµν + . . . is the field strength chiral superfield for the gauge group G which
has a U(1)G2 anomaly. In practice we will take G to be SU(3)color or U(1)QED since we will be
interested in the coupling to massless gauge fields. Wanomaly generates non-derivative couplings in
the effective Lagrangian:
Lanomaly ⊃ can
f
√
2
(
aGaµνG˜
a
µν +
i
2
χ¯Gaµν [γ
µ, γν ]γ5λa
)
(4.2)
where G˜aµν =
1
2
µνρσG
a
ρσ.
For the remainder of this document we assume that the global U(1) is anomalous. For example,
the anomalous coupling can is generated when the Goldstone boson a couples to Nψ fermions Ψi
that transform in the fundamental of the gauged SU(N) and carry a global charge qΨ,
can =
α
8pi
√
2
NΨ∑
i
(
yif
mΨi
)
Ly = ia
NΨ∑
i=1
yiΨ¯iγ
5Ψi . (4.3)
The result for a U(1) gauge group is similar and is obtained by including the different qi charges,
c(1)an =
αU(1)
8pi
√
2Nc
∑
i
2q2i
(
yif
mΨi
)
, (4.4)
where Nc = 3 and the factor of 2 comes from the normalization of the generators in SU(N),
Tr[T aT b] = δab/2. The simplest and most common case is when all masses are degenerate,
mΨi = mΨ, and the yi are equal, yi = mΨqΨ/(f
√
2), so that
can =
α
8pi
qΨNΨ . (4.5)
Note that gauge coupling unification is preserved if the mediator fields Ψi are embedded in
complete GUT multiplets. For example, one may consider NΨ × (5⊕ 5¯) representations of SU(5)
which decompose into2 (3, 1)1/3 and (1, 2)−1/2 under SUc(3) × SUL(2) × UY (1). In this case the
mediators Ψi are both colored and electrically charged; they thus allow the dominant decay to be
a→ gg with subdominant contributions from a→ γγ with branching ratio ∼ 10−3.
2The hypercharge normalization is fixed if there are no exotic electric charges.
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4.2 Explicit breaking spurions
Sources of explicit global symmetry breaking terms can be parametrized by spurion chiral super-
fields Rα which carry charge α under the global symmetry and obtain a vev 〈Rα〉 = λαf , where
λα  1. This permits a superpotential term ∆W = f 2
∑
αR−αG
α where Gα = exp(αA/f).
Unbroken supersymmetry requires that there are two sources of global symmetry breaking, R−α
and R−β, with opposite charges, αβ < 0. This produces a sGoldstone boson vev and an effective
superpotential with a common supersymmetry preserving masses mχ = ma = ms. Explicit break-
ing terms may also generate new interactions which are completely determined by the Goldstone
boson mass,
L ⊃ −m
2
a
2
(
a2 + s2
)−ma
2
χ¯χ+
ma
2
√
2f
(α+β)
(
iaχ¯γ5χ− sχ¯χ−masa2
)
+
ma
8f 2
(α2+αβ+β2) a2χ¯χ+. . .
(4.6)
The only model-dependent inputs are the charges α and β of the explicit breaking operators.
After SUSY breaking, the sGoldstone boson and the Goldstone fermion masses are lifted while
the Goldstone boson remains light, ms  mχ > ma. Up to integration by parts, the the on-shell
trilinear axial coupling aχ¯γ5χ is equivalent to an effective b1 coupling in (2.7). Finally, the explicit
breaking can also generate additional terms in the superpotential of the form
W = ciR−αGα
(
HuHd +
Yu
Mu
Q¯Huu+
Yd
Md
Q¯Hdd+
Yl
ML
L¯Hde+ h.c.
)
. (4.7)
These lead to mixing with the Higgs and decays to SM fermions.
5 Relic Abundance
The Goldstone fermion χ is a natural dark matter candidate if it is the LSP and produces the
observed abundance [1, 18],
ΩDMh
2 = 0.112± 0.0056, (5.1)
where h is the Hubble constant. A key observation is that the effective interactions between the
Goldstone fermion χ and Goldstone boson a lead to an annihilation cross section χχ→ aa of the
correct magnitude for a thermal relic with O(1) couplings and mass at the SUSY breaking scale
MSUSY,
〈σv〉 ≈ b
4
1
8pi
Tf
mχ
m2χ
f 4
' 1 pb (5.2)
ΩDMh
2 ≈ 0.1 pb〈σv〉 . (5.3)
Note that an explicit factor of the temperature appears in (5.2) because parity forbids the s-wave
channel. Thus the Goldstone fermion is an almost ideal WIMP candidate. Due to the slight
thermal suppression, the coupling b1 has to be slightly larger than 1. Otherwise, with the natural
choices of parameters, the correct annihilation cross section is obtained.
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5.1 Summary of model parameters
Below we provide a summary of the Goldstone fermion model parameters and the values used in
our parameter space scan:
Parameter Description Scan Range
f Global symmetry breaking scale 500 GeV− 1.2 TeV
mχ Goldstone fermion mass 50− 150 GeV
ma Goldstone boson mass 8 GeV – f/10
b1 χχa coupling, (2.10) [0, 2]
can Anomaly coefficient, (4.2) 0.06
ch Higgs coupling, (2.13) [−1, 1]
δ = (β − α)/2 Explicit breaking iaχ¯γ5χ coupling, (4.6) 3/2
ρ = (α2 + αβ + β2)/8 Explicit breaking a2χ¯χ coupling, (4.6) 13/8
These values represent a natural cross section of the full parameter space.
5.2 Summary of annihilation channels
In addition to
(a) χχ→ aa in the t-channel and u-channel via the self-interactions (2.7),
a detailed analysis shows that there may be appreciable contributions from
(b) χχ→ aa from explicit breaking terms (4.6);
(c) χχ→ gg with a in the s-channel via the anomaly (4.2).
In fact, these can overcome the p-wave suppression in the annihilation into 2a. Note that χχ→ gg
also gives an s-wave contribution which may contribute up to ∼ 1/3 of the total annihilation cross
section. Less significant are the decays into Higgs bosons,
(d) χχ→ ah with a in the s-channel via the Higgs coupling (2.13) when mh +ma < 2mχ;
(e) χχ→ hh via the coupling to two Higgs bosons (2.12) when mh < mχ.
Note that in some cases the Higgs boson may be lighter than the 115 GeV because of non-standard
Higgs decays (see Section 7 for the relevant collider phenomenology). Other annihilations involving
a virtual gluino, the sGoldstone, or the Higgs boson are typically suppressed by large masses or
small Yukawa couplings. A detailed calculation of each contribution is presented in Appendix B.
The model generates the correct abundance for Goldstone fermion masses between 50− 150 GeV
and Goldstone boson masses between 10%−100% of mχ for couplings b1 ∼ O(1). Fig. 1 shows the
contours for different values of ma/mχ subject to the correct relic abundance in the (mχ, b1) plane.
It may further be possible to open up a different region of parameter space with lighter Goldstone
boson and fermion scales through a Sommerfeld enhancement due to an attractive force between
the exchange of multiple low-energy Goldstone bosons [19]. We briefly discuss this possibility in
Appendix C
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Figure 1: Contours for different values of the Goldstone boson mass: ma/mχ = 0.1 (black dotted),
0.5 (blue dashed), and 0.7 (red solid) for fixed relic density Ωh2 = 0.11 in the (mχ, b1) plane. Gray
lines include the subleading contributions from annihilations into Higgs bosons, χχ → ah and
χχ → hh. The kink at 60 GeV comes from threshold effects. We set f = 700 GeV, α = −4,
β = 1, mh = 116 GeV, can = 0.06.
6 Direct and Indirect Detection
We have seen above that this model can easily produce the correct dark matter abundance. Next
we estimate the generic size of direct and indirect detection bounds.
6.1 Dark Matter Effective Operators for Direct detection
In order to evaluate the cross section of Goldstone fermion scattering off nuclei in direct detection
experiments, one must evaluate the nucleon matrix elements. Usually one parametrizes the light
quark mass content f
(N)
i of the nucleons,
mi〈N |q¯iqi|N〉 ≡ f (N)i mN i = u, d, s , N = p, n. (6.1)
where mN is the nucleon mass. The largest contribution comes from the strange quark [20],
but with sizeable uncertainties [21]. We assume the default value in the micrOMEGAs code,
f
(N)
u,d  f (p)s = f (n)s = 0.26 [22]. For heavy quarks, the contribution f (N)h is induced via gluon
exchange and can be calculated by means of the conformal anomaly [23],
mh〈N |q¯hqh|N〉 ≡ f (N)h mN =
2
27
mN
(
1−
∑
i=u,d,s
f
(N)
i
)
, h = c, b, t . (6.2)
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6.1.1 Coupling to quarks via Higgs exchange
In Section 2.2 we showed that after electroweak symmetry breaking, it is natural to expect a
non-vanishing coupling between χ and the lightest neutral Higgs boson h,
Lh = chvEW
2f 2
(χ¯iγµ∂µχ)h , (6.3)
where the size of the coupling ch depends on the specific realization. The Higgs coupling to
nucleons is set by the Yukawa couplings and—in the presence of more Higgses—the mixing angles,
cqmq/(
√
2vEW)hq¯q. Integrating out the Higgs generates an effective four-Fermi interaction,
LeffχN = GχNN¯Nχ¯χ GχN = ch
λN
2
√
2
(
mχmN
m2hf
2
)
, (6.4)
where we used the equations of motion for χ and the quark content of the nucleons (6.2) to write
λN =
∑
q=u,d,s
cqf
(N)
q +
2
27
(
1−
∑
q=u,d,s
f (N)q
)( ∑
q′=c,b,t
cq′
)
. (6.5)
The resulting scattering cross section per nucleon at zero momentum transfer is3
σHiggsSI =
4µ2χ
A2pi
[GχpZ +Gχn(A− Z)]2 , (6.6)
where µχ = (m
−1
χ + m
−1
N )
−1 is the reduced mass. The typical value for σHiggsSI is just below the
XENON100 direct detection bound [3],
σHiggsSI ≈ 3c2h × 10−45 cm2
(
115 GeV
mh
)4(
700 GeV
f
)4 ( mχ
100 GeV
)2 ( µχ
1 GeV
)2(λN
0.5
)2
. (6.7)
Note the (mχv/f
2)2 suppression present in this cross section (due to the Goldstone nature of χ)
relative to that of a generic Higgs exchange. For example, Higgs-mediated neutralino decay in
the MSSM with coupling L ≈ cg/2χ¯χh needs a very small coupling c to avoid the XENON100
bounds:
σMSSMSI ∼
c2g2
2pi
λ2Nµ
2m2N
m4hv
2
EW
≈ c2 × 10−42 cm2 . (6.8)
Thus, Goldstone fermion dark matter offers a natural suppression of the direct detection cross
section while retaining the correct WIMP annihilation cross section and abundance. Fig. 2 plots
typical values of the direct detection cross section for parameters with correct relic abundance.
3 Since most direct detection events occur at low recoil energy, it is standard to parameterize the cross section in
terms of a zero momentum transfer part and a form factor which encodes the momentum and target dependence.
See, for example, [24].
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Figure 2: Black line: XENON100 bound. Left: scan over parameter space with 500 < f <
700 GeV (blue), 700 < f < 800 GeV (violet), 800 < f < 900 GeV (green), 900 < f < 1000 GeV
(yellow). We scan 0 < b1 < 2, −1 < ch,hh < 1, 8 GeV < ma < f10 , 50 GeV < mχ < 200 GeV.
Right: Blue points have 0.5 < ma/mχ whereas red points have ma/mχ < 0.5.
6.1.2 Coupling to gluons
Integrating out the massive gaugino in (4.2) generates two dimension-7 operators that couple χ
to gauge bosons,
L(1)eff = −
(
c2an
2Mλf 2
)
[χ¯χ]GaαβG
a
αβ L(2)eff = −i
(
c2an
2Mλf 2
)[
χ¯γ5χ
]
GaαβG˜
a
αβ , (6.9)
where Mλ is the gaugino mass. In the limit of zero momentum transfer, only L(1)eff contributes
to direct detection since GG˜ is a total derivative. We therefore neglect L(2)eff hereafter. The
〈N |GG|N〉 nucleon matrix element can be extracted from the conformal anomaly (6.2) so that
L(1)eff can be mapped to a standard four-Fermi operator
L(1)eff −→ L(1)eff, N = GN χ¯χN¯N , GN =
4pic2an
9αs
mN
Mλf 2
(
1−
∑
i=u,d,s
f
(N)
i
)
. (6.10)
The corresponding cross section per nucleon at zero momentum transfer is
σggSI ≈ 2× 10−48 cm2
(
700 GeV
Mλ
)2(
700 GeV
f
)4(
NΨ
5
)4 (qΨ
2
)4 ( µ
1 GeV
)2
(6.11)
where can = αsqΨNΨ/(8pi) has been used. This value is much smaller than both the recent
upper bound by the XENON100 collaboration [3] and the expected reach at the LHC, σSIgg =
few× 10−46 cm2 [25].
6.2 Indirect detection
Many experiments are searching for indirect signals of annihilation of dark matter in dense en-
vironments such as the galactic center or the solar core. The rate of such events is set by the
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present-day thermally averaged annihilation cross section. Note, however, that the dominant an-
nihilation channels at freeze-out are p-wave and hence are strongly velocity suppressed in the
current era. Thus, the relevant annihilation channels for indirect detection are s-wave and were
sub-dominant at freeze-out. These cross sections are relatively small and astrophysical observa-
tions do not impose severe constraints.
6.2.1 Fermi-LAT: lines, isotropic diffuse γ-rays, and dwarf galaxies
Dark annihilation in the galactic halo may produce photons either directly (e.g. χχ → γγ) or
through secondaries (bremsstrahlung off charged products or decays of neutral pions). The Fermi
experiment has searched for excesses in the gamma ray spectrum both in the form of lines arising
from prompt annihilation to photons and in contributions to the diffuse spectrum from secondary
products of annihilation.
Fermi currently searches for γ-ray lines from 30 – 200 GeV [26], with upcoming bounds that
are an order of magnitude stronger in the 7 – 30 GeV region [27]. The lack of a bump in the
Fermi data implies an upper bound on 〈σv〉γγ between (0.2 − 2.5) · 10−27cm3/s when using the
Einasto dark matter halo profile which predicts the largest photon flux among those examined in
the Fermi analysis.
In the Goldstone fermion model, prompt annihilation to photons occurs through an anomaly
vertex similar to the one which mediates a→ gg. This rate depends on the U(1)×U(1)2EM anomaly
coefficient which is determined by the choice of electric charges for fields carrying global charge.
The cross section for annihilation into gluons is given in (B.1). The analagous expression for
annihilations into photons is given by replacing α2sNc → α2EM (2
∑
i(q
i
EM)
2)
2
. For the case where
the Ψ are taken to be in the (anti-)fundamental of an SU(5) unified group, we find 〈σv〉γγ ∼
2 · 10−3〈σv〉gg. Even with the most extreme choices of the model’s free parameters, this rate
remains more than an order of magnitude smaller than the Fermi bounds.
Fermi has also measured the isotropic diffuse γ-ray spectrum in the range 20 − 100 GeV
[28]. This bounds the annihilation of dark matter into charged particles and neutral pions. For
example, for a 400 GeV dark matter particle which annihilates into a bb¯ pair, Fermi sets a bound
on 〈σv〉bb¯ which is roughly an order of magnitude above the cross section required to reproduce the
right relic abundance. The Goldstone fermion model generates diffuse photons primarily through
annihilation to gluons produced in the s-wave annihilation channel χχ→ gg. However, this cross
section is at least an order of magnitude smaller than the Fermi bound and hence the Fermi diffuse
γ-ray data do not constrain this model.
Preliminary results from a Fermi analysis of 10 dark-matter-rich dwarf spheroidal galaxies also
place limits on photo-production from dark matter annihilation [29]. For low-mass (. 60 GeV)
dark matter annihilating into bb¯ pairs, constraints on the annihilation rate extend slightly below
the thermal relic rate of 3 · 10−26 cm3/s, with the strongest constraint of ∼ 1 · 10−26 cm3/s at
mχ = 10 GeV. In this mass window and for reasonable parameter choices, the Goldstone fermion
annihilation cross section is always at least a factor of 3 lower than these limits.
Other constraints, such as those that come from γ-rays originating in clusters of galaxies,
typically set weaker bounds [30].
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6.2.2 PAMELA: the antiproton flux
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Figure 3: Antiproton flux at the Earth for f = 700 GeV, QΨ = 2, δ = 3/2, NΨ = 5 at fixed density
Ωh2 ' 0.1. Red (blue) lines represent the propagation parameters MAX (MIN) used in [33] with
the Einasto DM halo profile. The dots represent the PAMELA data [31]. Left: ma/mχ = 0.5 at
mχ = 50 GeV and b1 = 3 (solid); mχ = 100 GeV and b1 = 1.5 (dashed); mχ = 150 GeV and
b1 = 1(dotted). Right: ma/mχ = 0.8 at mχ = 50 GeV and b1 = 2.5 (solid); mχ = 100 GeV and
b1 = 1.2 (dashed); mχ = 150 GeV and b1 = 0.5(dotted).
PAMELA has recently published data on the absolute cosmic ray antiproton flux from 60 MeV
– 180 GeV [31]. This places constraints on dark matter models with a substantial annihilation
rate to hadrons. For a 100 GeV WIMP, the annihilation cross section to Zs, W s, and b quarks
has an upper bound comparable to the rate required for the observed relic abundance, 〈σv〉relic ∼
3 · 10−26cm2/s [32]. For Goldstone fermion dark matter, the dominant annihilation channel in
the galactic halo, χχ → gg, is s-wave. This has a typical cross section of 〈σv〉 ∼ 10−27 cm3/s
and can be pushed up as high as 10−26 cm3/s. Using recent numerical recipes [33], one may
estimate the anti-proton flux as a function of the thermally averaged annihilation cross section
and the Goldstone fermion mass. This is depicted in Fig. 3 for different model parameters that
yield the correct relic abundance. The anti-proton flux varies considerably as a function of the
galactic propagation parameters and the halo profile. The solid, dashed, and dotted curves each
correspond to different underlying Goldstone fermion model parameters. Choosing different halo
profiles and propagation parameters leads to a spread in the predicted p¯ flux such that for each
choice of Goldstone fermion model parameters, the actual flux from dark matter annihilation is
expected to lie between the two solid, dashed, or dotted curves respectively.
For each choice of model parameters, there is a sizeable region where the predicted flux from
dark matter annihilation lies well below the measured anti-proton flux. Thus the PAMELA data
do not place significant constraints on the Goldstone fermion dark matter model.
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7 Collider Phenomenology
In addition to (in)direct detection, Goldstone fermion models lend themselves to novel collider
signatures coming from the Goldstone supermultiplet. As discussed in Section 3, the sGoldstone s
is typically heavy with small couplings to the SM sector so we may neglect its collider signatures.
7.1 Collider signals of dark matter
The most direct way of testing the dark matter annihilation mechanism is through dark matter
pair production coming, for example, from the χ¯χGG operator in (6.9). One signature of this
process at colliders is a monojet coming from hard initial state QCD radiation. For a range of
masses up to the TeV scale, the LHC will set the most stringent bound on this operator with a
sensitivity of σNSI ∼ 10−46 − 10−45cm2 for a 5σ discovery with 100 fb−1 [25]. The effective scale
that suppresses the dimension-7 operator (6.9) is roughly an order of magnitude larger than the
LHC reach. However, the process gg → a∗ → χχ via an off-shell Goldstone boson gives a larger
contribution and results in a naive effective scale M∗ ∼ (mχf 2/can)1/3 ∼ 1 TeV. This is in the
ballpark of the LHC 5σ reach given in [25].
Goldstone fermion dark matter can also be produced from the cascade decay of heavier R-parity
odd particles, such as gluinos or squarks. Due to the small coupling between the MSSM and the
Goldstone sectors, the cascade decays will all go through the lightest ordinary supersymmetric
particle (LOSP). The decay of LOSP to the Goldstone fermion is determined by the operators
connecting the two sectors. In the current setup, there are two types of interactions:
• the anomaly induced coupling χ¯Gλ, as in (4.2), and
• the kinetic mixing discussed in Section 2.2 .
The details of the decay modes depends on the nature of the LSP. For example, a bino-like LOSP
will decay to the LSP via the anomaly, B˜ → χ+ γ/Z. A Higgsino-like LOSP would decay instead
to the LSP because of the kinetic mixing, h˜ → χ + h, and h˜ → χ + a → χ + 2j. In the latter
decay mode, the reconstruction of the Goldstone boson resonance in the jet final state is difficult
if a is below 100 GeV, but it may be possible instead in the diphoton decays of a with sufficient
luminosity. These channels yield prompt decays even though they may be suppressed by loops or
small mixing angles. For example, the natural width for a pure bino LOSP is around 10−5 GeV.
Finally, the presence of exotic heavy fermions Ψi also has interesting implications at colliders.
These fermions may be considered to be “fourth generation” quarks which, if they are sufficiently
light, can be probed at the early stages of the LHC (see the discussion in [15] for an example).
7.2 Non-standard Higgs boson decays
The largest natural coupling of the Goldstone boson and fermion to the SM is through Higgs
boson via the kinetic terms, (2.13). This coupling allows the Higgs to decay into 2a or 2χ if
kinematically allowed. Typical branching ratios are plotted in Fig. 4.
The Higgs boson decay h → 2a gives rise to four light, unflavored jets coming from a → 2g.
This decay mode is therefore easily ‘buried’ under the QCD background. Such non-standard
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Figure 4: Plots of Higgs boson branching ratios for various parameters.
Higgs boson decays have recently been investigated in SUSY models where the Higgs boson itself
is also a pseudo-Goldstone boson emerging from the spontaneous breaking of a global symmetry4.
In particular, the spontaneous breaking of SU(3) → SU(2) gives rise both to a light Goldstone
multiplet A and a light Higgs multiplet [14]. The resulting coupling ch ≈
√
2 is set by the kinetic
mixing between the two multiplets which, in turn, is fixed by the scale f of the global symmetry
breaking. A more recent example of a ‘buried Higgs’ in SUSY has been discussed in the context
of a spontaneously broken U(1) symmetry where ch depends on couplings in the superpotential
because the Higgs is no longer a pseudo-Goldstone boson [15].
Even though these non-standard Goldstone fermion decay modes can dominate, the branching
ratio to SM particles is still larger than ∼ 20% at low Higgs masses and therefore the LEP bound
on the Higgs mass cannot be lowered below ∼ 110 GeV. Furthermore, while the discovery of a
completely buried Higgs is challenging at the LHC [36], this ‘partially buried’ Higgs would be
discovered in SM channels with a missing piece in the total width. The invisible Higgs boson
decays (χs leave the detectors) can be probed at the LHC through the missing energy signal [37].
Both the buried and invisible decay modes may have sizeable branching ratios, and the observation
4For early attempts of this idea in SUSY see [34]. More recently, SUSY and little Higgs models motivated by
the little hierarchy problem have been proposed [35].
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of both channels would give strong evidence for this scenario.
8 Conclusions
Acceptable dark matter scenarios within the MSSM must become increasingly contrived as the
sensitivity of direct detection experiments increases. In order to remain consistent with recent
XENON100 results, neutralino WIMP models must typically invoke accidental mass relations to
boost the annihilation cross-section through co-annihilations or strategically placed resonances.
Inspired by this tension, we have explored a general supersymmetric framework compatible
with GUT unification in which the LSP is the fermionic component χ of a Goldstone supermultiplet
associated with a U(1) global symmetry that is spontaneously broken at the TeV scale. Because
the Goldstone fermion’s couplings to the Standard Model are suppressed by ∼ vEWmχ/f 2 (and
additional loop factors in some cases), these models are able to avoid direct detection constraints
from XENON100 and indirect detection constraints from Fermi and PAMELA.
The annihilation cross section of a weak-scale Goldstone fermion at freeze out is on the order
of 1 pb, with dominant contributions coming from p-wave annihilation into Goldstone bosons.
Typically subdominant s-wave annihilations into gluons arise through anomalies of the new global
symmetry. The observed dark matter relic density is obtained with natural values for the model
parameters.
This class of models also offers novel and distinctive signatures at colliders. Goldstone fermions
can be produced at the LHC in pairs through the anomalous coupling to gluons, leading to monojet
signals when there is additional hard QCD radiation from the initial state. Additionally, SUSY
cascades are modified by decays of the NLSP to the Goldstone fermion. Examples include the
bino decay to a photon and the Goldstone fermion, and the higgsino decay to the Goldstone
fermion and the Goldstone boson. The Goldstone multiplet also modifies the phenomenology of
the Higgs sector. Interactions with the Goldstone boson allow cascade decays of the Higgs to four
jets, h → 2a → 4j, analogous to models where the Higgs decays are ‘buried’ under the QCD
background. If kinematically allowed, the Higgs may also have a sizeable fraction of ‘invisible’
decays, h→ χχ.
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A Explicit models
We present explicit models to demonstrate how one may generate different values of the coupling
b1, defined in (2.10). In their simplest form, both examples have an unbroken R-symmetry which
implies that only the A-terms generate a mass for the Goldstone fermion. It is straightforward
to modify these examples to explicitly break the R-symmetry without modifying the structure of
these theories.
A.1 The simplest example
We consider a simple variation of the model considered in [15] with the superpotential W =
yS(N¯N − µ2). This gives
K = f 2Ne
(A+A†)/f + f 2N¯e
−(A+A†)/f f 2 = f 2N + f
2
N¯ , (A.1)
so that the tree-level range for b1 is
− 1 ≤ b1 =
f 2N − f 2N¯
f 2N − f 2N¯
≤ 1 . (A.2)
A.2 An example with |b1| ≥ 1
A perturbative model that may give |b1| ≥ 1 is the following:
W = λXY Z − µ2Z + λ˜
2
Y 2N − µ˜N¯N , (A.3)
where the charges are qZ = 0, qN = −qN¯ = −2qY = 2qX and all couplings and masses are non-zero.
The resulting supersymmetric minimum
fXfY = µ
2/λ , fZ = fN = 0 , fN¯ = λ˜
fY
2
2µ˜
(A.4)
gives vanishing F -terms while the Goldstone chiral multiplet is
A =
∑
i
qifiψi
f
=
qY
f
(
Y fY −XfX + 2N¯fN¯
)
f 2 = q2Y
(
f 2Y + f
2
X + 4f
2
N¯
)
. (A.5)
The corresponding b1 at tree-level is given by
b1 =
1
f 2
(∑
i
q3i f
2
i
)
=
−f 2X + f 2Y + 8f 2N¯
f 2X + f
2
Y + 4f
2
N¯
(A.6)
which goes to b1 → 2 when fN¯  fX,Y .
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gives vanishing F -terms while the Goldstone chiral multiplet is
A =
∑
i
qifiψi
f
=
qY
f
(
Y fY −XfX + 2N¯fN¯
)
f 2 = q2Y
(
f 2Y + f
2
X + 4f
2
N¯
)
. (A.5)
The corresponding b1 at tree-level is given by
b1 =
1
qf 2
(∑
i
q3i f
2
i
)
=
−f 2X + f 2Y + 8f 2N¯
f 2X + f
2
Y + 4f
2
N¯
(A.6)
which goes to b1 → 2 when fN¯ # fX,Y .
B Annihilation cross-section
B.1 χχ→ gg
g
g
χ
χ
This cross section is controlled by the anomalous coupling (4.2) where can = αsqΨNΨ/(8pi),
and the vertex b1/(2
√
2f)χ¯γµγ5χ∂µa. Away from the resonance one finds
σv =
2α2s
(8pi)3
NcN
2
Ψ(b1mχ + δma)
2 s
2q2q2Ψ
(s−m2a)2f 4
s = (p1 + p2)
2 = 4E2χ (B.1)
where v is the relative velocity in the center of mass frame, Nc = 8 is the number of colors in the
final state, and δ = −(α+ β)/2q is the contribution from the explicit breaking vertex (4.6). Note
that this process gives a non-vanishing s−wave annihilation component.
B.2 χχ→ aa
B.2.1 t- and u-channel
a
a
χ
χ
a
a
χ
χ
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(a) χχ→ gg
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(c) χχ→ aa
In our case, we have only the p-wave contribution to the cross section, σv = a+ bv2 + . . .,
a =0 z = ma/mχ (B.2)
b =
m2χ
96pif 4(z2 − 2)4 [b
3
1(b1 + 4zδ)(3z
8 − 16z6 + 48z4 − 64z2 + 32) (B.3)
+ z2δ2(3z8 − 14z6 + 46z4 − 64z2 + 32) + 16b1δ3(z2 − 1)(b1z3 + δ(z2 − 1))]
where δ = −(α+ β)/2q is the contribution from the explicit breaking vertex (4.6).
B.2.2 Explicit breaking vertex
a
a
χ
χ
The contribution of the quartic to the annihilation cross-section is only p-wave and can be
easily calculated
σv =
1
128pi
ρ2
m2a
f 4/q4
va
(
s− 4m2χ
s
)
va =
√
1− 4m
2
a
s
(B.4)
where ρ is given in terms of the charges of the explicit breaking operators (4.6), ρ = α2+αβ+β2.
B.2.3 Interference
The contact interaction process interferes with the t- and u-channel. So summing the amplitudes
before squaring we get
b =
m2χb
2
1
96pif 4
(2b21+8b1zδ+zρ)+
m2χz
2
1536pif 4
(
3ρ2 + 32b1δρ+ 128b
2
1δ
2 − 16b41
)
+o(z3) , a = 0 (B.5)
where vσ = a+ bv2 + . . . and z = ma/mχ.
B.3 Subleading processes
B.3.1 χχ→ a∗ → ah
χ
χ
a∗
a
h
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(d) χχ→ aa
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σv =
1
128pi
ρ2
m2a
f 4/q4
va
s− 4m2χ
s
)
va =
√
1− 4m
2
a
s
(B.4)
where ρ is given in terms of the charges of the explicit breaking operators (4.6), ρ = α2+αβ+β2.
B.2.3 Interference
The contact interaction process interferes with the t- and u-channel. So summing the amplitudes
before squaring we get
b =
m2χb
2
1
96pif 4
(2b21+8b1zδ+zρ)+
m2χz
2
1536pif 4
(
3ρ2 + 32b1δρ+ 128b
2
1δ
2 − 16b41
)
+o(z3) , a = 0 (B.5)
where vσ = a+ bv2 + . . . and z = ma/mχ.
B.3 Subleading processes
B.3.1 χχ→ a∗ → ah
χ
χ
a∗
a
h
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(e) χχ→ ha
This channel opens when 2mχ > ma + mh. Naively, it should be less important because
the cross-section has an extra suppression by (vEW/f)
2. On the other hand, it has a s-wave
contribution and therefore the effect is not completely negligible compared to the χχ → aa b-
wave process. The cross-section is given by
σv =
va
32pi
(b1mχ + δma)
2c2hv
2
EW
f 6/q6
(
m2a −m2h + s
s−m2a
)2
(B.6)
T is has a non-vanishing s-wave contribution.
B.3.2 χχ→ hh
h
h
χ
χ
This hannel is allowed (u to thermal contributions) only when mχ > mh. Considering that
the Higgs can be buried under QCD, mh ∼ 90 GeV is possible. This process comes from a contact
interaction term chh(χ¯iγ
µ∂µχ)h
2q2/(2f 2) which follows from the coefficients c2, d2 in the Ka¨hler
potential.
σv =
va
8pi
m2χc
2
hh
f 4/q4
(
s− 4m2χ
s
)
(B.7)
Once again, it is a p-wave process.
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(f) χχ→ hh
Figure 5: Goldstone fermion annihilation channels.
B Annihilation cross section
Diagrams for the dominant annihilation channels are presented in Fig. 5.
B.1 χχ→ gg
The annihilation cross section to gluons (see Fig. 5a) is controlled by the anomalous coupling (4.2)
where can = αsqΨNΨ/(8pi) and the vertex b1/(2
√
2f)χ¯γµγ5χ∂µa. Away from resonance one finds
σv =
2α2s
(8pi)3
NcN
2
Ψ(b1mχ + δma)
2 s
2q2Ψ
(s−m2a)2f 4
s = (p1 + p2)
2 = 4E2χ (B.1)
where v is the relative velocity in the center of mass frame, Nc = 8 is the number of colors in the
final state, and δ = −(α + β)/2 is the contribution from the explicit breaking vertex (4.6). Note
that this process gives a non-vanis ing s−wave annihilation component.
B.2 χχ→ aa
Annihilation into Goldstone bosons proceeds through t- and u- channel diagrams (see Figs. 5b–5c)
as well as a contact interaction coming from explicit breaking (see Fig. 5d).
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B.2.1 t- and u-channel
These diagrams give a p-wave contribution to the cross section, σv = a+ bv2 + . . .,
a =0 z = ma/mχ (B.2)
b =
m2χ
96pif 4(z2 − 2)4 [b
3
1(b1 + 4zδ)(3z
8 − 16z6 + 48z4 − 64z2 + 32) (B.3)
+ z2δ2(3z8 − 14z6 + 46z4 − 64z2 + 32) + 16b1δ3(z2 − 1)(b1z3 + δ(z2 − 1))] ,
where δ = −(α + β)/2 is the contribution from the explicit breaking vertex (4.6).
B.2.2 Explicit breaking vertex
The quartic contribution to the annihilation cross section is also p-wave is
σv =
1
128pi
ρ2
m2a
f 4
va
(
s− 4m2χ
s
)
va =
√
1− 4m
2
a
s
, (B.4)
where ρ is given in terms of the charges of the explicit breaking operators (4.6), ρ = α2 +αβ+β2.
B.2.3 Interference
The contact interaction interferes with the t- and u-channel diagrams. Summing the amplitudes
and then squaring gives,
b =
m2χb
2
1
96pif 4
(2b21+8b1zδ+zρ)+
m2χz
2
1536pif 4
(
3ρ2 + 32b1δρ+ 128b
2
1δ
2 − 16b41
)
+O(z3) , a = 0 (B.5)
where σv = a+ bv2 + . . . and z = ma/mχ. Note that for all plots in this document we use the full
expression for b that is valid for all z ≤ 1.
B.3 Subleading processes
The annihilations to a single Higgs (Fig. 5e) and to two Higgses (Fig. 5f) are subdominant.
B.3.1 χχ→ a∗ → ah
This channel is available when 2mχ > ma + mh. Naively, it should be less important because
the cross section has an extra suppression by (vEW/f)
2. On the other hand, this is an s-wave
contribution and therefore the effect is not completely negligible compared to the χχ → aa p-
wave process. The cross section is given by
σv =
va
32pi
(b1mχ + δma)
2c2hv
2
EW
f 6
(
m2a −m2h + s
s−m2a
)2
. (B.6)
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B.3.2 χχ→ hh
This channel is allowed when mχ > mh, up to thermal contributions. Because Higgs can be
buried under QCD, it is possible to have mh ∼ 90 GeV. This process is generated from the
contact interaction term chh(χ¯iγ
µ∂µχ)h
2/(2f 2), which follows from the c2, d2 coefficients in the
Ka¨hler potential.
σv =
va
8pi
m2χc
2
hh
f 4
(
s− 4m2χ
s
)
(B.7)
This is a p-wave process.
C Sommerfeld enhancement from Goldstone boson ex-
change
Thus far we have calculated the relic density assuming no enhancement due to long-range forces.
Here we briefly present the non-relativistic potential between the Goldstone fermions and argue
that there could be regions of parameter space with a sizeable Sommerfeld enhancement in the
annihilation cross section due to an attractive force between the Goldstone fermions due to the
exchange of multiple low-energy Goldstone bosons [19], as depicted in Fig. 6. It is thereby possible
to lower the Goldstone boson and fermion mass scales. We emphasize that this enhancement is
not necessary to obtain the correct abundance and sufficiently low direct detection cross sections,
but it may open up a different region of the parameter space where the Goldstone fermion mass
in the 10− 50 GeV range.
Goldstone boson and fermion mass scales. We emphasize that this enhancement is not necessary
to obtain the correct abundance and sufficiently low direct detection cross sections, but it may
open up a different region of the parameter space where the Goldstone fermion mass in the 10-50
GeV range.
Figure 2: Exchange of multiple soft Goldstone bosons can lead to an attractive force enhancing
the annihilation cross section for the Goldstone fermions.
In the non-relativistic limit, the χ1χ2 → χ1′χ2′ scattering amplitude gives rise to a spin-spin
interaction. The low-energy potential can be written in terms of a traceless tensor and a central
piece:
V (r) = VT(r)
(
3 "S1 · rˆ "S2 · rˆ − "S1 · "S2
)
+ VC(r)"S1 · "S2 , (5.4)
where the coefficients are
VT(r) =
b21
8pif 2/q2
(
1
r3
+
ma
r2
+
1
3
m2a
r
)
e−mar VC(r) =
b21
8pif 2/q2
1
3
m2a
r
e−mar. (5.5)
Note that the leading term for distances r < m−1a is contained in the tensor potential. For total
spin S = 0, the tensor potential averages out to zero, whereas the central part gives an attractive
interaction which is independent of the orbital angular momentum
〈S = 0 , $|V (r)|S = 0 , $〉 = −3
4
VC(r) . (5.6)
This contribution vanishes in the limitma → 0 in agreement with [20]. For S = 1, $ = 1 the central
potental is repulsive whereas the tensor is attractive. The net effect is an attractive potential3
〈S = 1 , $ = 1|V (r)|S = 1 , $ = 1〉 =
(
1
20
− 1
4
)
VT(r) +
1
4
VC(r) . (5.7)
The magnitude of this Sommerfeld enhancement was calculated in detail in [19] for s-wave
annihilation processes. It was found that for some regions of parameters it can be as large as
1000, but could also be a suppression. In our case we would only need a factor of few to lower the
Goldstone boson and fermion masses to the 10 GeV range. Since most of the leading annihilation
channels relevant to this class of models are p-wave, the results of [19] are not directly applicable.
A dedicated calculation is left for future work.
3The potential actually becomes repulsive for rma ! 13. However, this contribution is cutoff by the exponential
decay of the Yukawa interaction so that the energy barrier is extremely small ≈ 10−11 ×m3a/f2.
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Figure 6: Exchange of multiple soft Goldstone bosons can lead to an attractive force enhancing
the annihilation cross section for the Goldstone fermions.
In the non-relativistic li it, the χ1χ2 χ1′χ2′ scattering a plitude gives rise to a spin-spin
interaction. The low-energy potential can be written in ter s of a traceless tensor and a central
piece:
V (r) VT(r)
(
3 ~S1 · rˆ ~S2 · rˆ ~S1 · ~S2
)
VC(r)~S1 · ~S2 , (C.1)
ere t e coefficie ts are
VT(r) =
b21
8pif 2
(
1
r3
+
ma
r2
+
1
3
m2a
r
)
e−mar VC(r) =
b21
8pif 2
1
3
m2a
r
e−mar. (C 2
te t t t e le i ter f r ist ces r 1a is c t i e i t e te s r te ti l. r t t l
s i , t e te s r te ti l er es t t zer , ere s t e ce tr l rt i es ttr cti e
22
interaction which is independent of the orbital angular momentum
〈S = 0 , `|V (r)|S = 0 , `〉 = −3
4
VC(r) . (C.3)
This contribution vanishes in the limit ma → 0 in agreement with [38]. For S = 1, ` = 1 the central
potental is repulsive whereas the tensor is attractive. The net effect is an attractive potential5
〈S = 1 , ` = 1|V (r)|S = 1 , ` = 1〉 =
(
1
20
− 1
4
)
VT(r) +
1
4
VC(r) . (C.4)
The magnitude of this Sommerfeld enhancement was calculated in detail for s-wave annihilation
processes in [19], where it was found to take values as large as 1000 and as small as 0.1. For
the current model one would only need a factor of few to lower the Goldstone boson and fermion
masses to the 10 GeV range. Since most of the leading annihilation channels relevant to this class
of models are p-wave, the results of [19] are not directly applicable. A dedicated calculation is left
for future work.
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